A new index, the western North Pacific directional index (WNPDI), based on historical wind direction observations taken aboard sailing ships, has been developed to characterize the western North Pacific summer monsoon (WNPSM) since 1898. The WNPDI measures the persistence of the surface westerly winds in the region 58-158N, 1008-1308E and easterly winds in the region 208-308N, 1108-1408E, exhibiting a consistent relationship with the summer precipitation in the areas affected by the WNPSM throughout the entire twentieth century. Its length doubles that of the previous WNPSM index (1948-2014) based on reanalysis products, which allows uncovering different relevant features of the WNPSM variability. The WNPSM had a significant interdecadal variability throughout the twentieth century. In particular, the period 1918-48 was characterized by less variable and stronger monsoons than in recent decades. Additionally, the relationship between the WNPSM and ENSO or El Niño Modoki has been evaluated during the entire twentieth century for the first time. It is confirmed that the WNPSM tends to be strong (weak) when El Niño (La Niña) develops during the whole record. Nevertheless, the relationship during the ENSO-decaying phase is not stable in time. Thus, the WNPSM tended to be strong (weak) when La Niña (El Niño) decayed only since the late 1950s, with an opposite relationship in the earliest part of the record. El Niño Modoki shows a rather stable and high correlation with the WNPDI during the whole study period throughout the twentieth century.
Introduction
The Asian-Pacific monsoon is one of the most energetic components of the climate system, and it has been traditionally subdivided into three different components: the Indian summer monsoon (ISM), the East Asian summer monsoon (EASM), and the western North Pacific summer monsoon (WNPSM) (Wang and LinHo 2002) , the latter being first introduced as an independent structure by Tao and Chen (1987) . The WNPSM shows a pronounced year-to-year variability and triggers profound impacts on the global climate (e.g., Wang et al. 2001; Lee et al. 2014; Choi et al. 2016; Zhang and Luo 2016) , impacting on highly populated areas significantly (Wang et al. 2001) . Nevertheless, this monsoon has received little attention in comparison to the EASM and the ISM, possibly due to the scarcity of observations since its core is usually considered to be located in the domain 108-208N, 1108-1608E (Murakami and Matsumoto 1994) .
In the last two decades, a number of studies have been published aiming to identify the mechanisms responsible for the variability of the WNPSM, which could be affected by phenomena that take place in the Indo-Pacific region. Some studies compare the different components of the Asian-Pacific monsoon system; for instance, the WNPSM is usually out of phase with the EASM (e.g., Wang et al. 2001 ), although this relationship shows decadal changes (Kwon et al. 2005; Yim et al. 2008 ). Wang and Fan (1999) pointed out that, despite sharing some features, the ISM and the WNPSM should be considered separately because the convection sources that drive them, located in the Bay of Bengal and near the Philippines, respectively, are poorly connected. Additionally, the variability of the Asian monsoon system seems to have been mostly related to that of the WNPSM rather than the ISM or the EASM in recent decades (Lee et al. 2014) .
Another part of the literature dealing with the WNPSM is focused on its relationship with global climate modes such as El Niño-Southern Oscillation (ENSO) or El Niño Modoki, which seems quite complex. For instance, Tanaka (1997) noted that the onset dates of the WNPSM were modulated by the phase of the ENSO throughout the period 1978-92, when the Niño-3 index stopped being biennial. Moreover, the monsoon was often strong during La Niña years (Tanaka 1997) . Later, Chou et al. (2003) showed that the ENSO-WNPSM coupling depends more on the ENSOdeveloping stage than on its sign. A strong (weak) WNPSM tends to occur within El Niño (La Niña)-developing year and/or La Niña (El Niño)-decaying year. On the other hand, several studies (Weng et al. , 2011 ; Lee et al. 2014) pointed out that the WNPSM tends to be stronger in the course of El Niño Modoki events. Nevertheless, oscillations with different periodicities, such as the Indian Ocean dipole (IOD; Saji et al. 1999) , might co-occur with El Niño or El Niño Modoki influencing each other (e.g., Weng et al. 2011; Wang and Wang 2014; Zhang et al. 2015) . For instance, Feng and Chen (2014) remarked that a positive phase of the IOD weakens the relationship between the WNPSM and El Niño Modoki. Thus, characterizing the climatic impact of a tropical mode of variability while others occur simultaneously is not easy because of the nonlinearity of these interactions (Weng et al. 2011) . Therefore, unveiling the relation of the WNPSM with global climate still constitutes a research challenge.
All these analyses are based on the study of a relatively short history of the WNPSM limited to the second half of the twentieth century, which constitutes an additional difficulty. To improve the present knowledge of this monsoon and its relation with the global climate, it would be necessary to extend the currently available series of the monsoon's strength back in time. Since the WNPSM is largely oceanic, there is a lack of in situ observational data or even satellite-derived data prior to the 1970s. The strength of monsoons is often quantified either by precipitation-based indices or by dynamical indices through the analysis of the wind field. Usually, the longest monsoon series are those based on precipitation, a variable that captures most of the changes in the monsoonal circulation (Wang and LinHo 2002) and is available since the early twentieth century in some areas. For instance, the all-Indian rainfall index (Parthasarathy et al. 1994) , based on long precipitation series over India, has been extensively used to characterize the ISM since the beginning of the twentieth century. Unfortunately, the absence of sufficient land areas in the WNPSM domain hampers the development of similar indices for this monsoon. Furthermore, recently it has been suggested that in changing climates a decoupling between monsoon-related precipitation and monsoonal circulation strength is possible (Fan et al. 2009 ). Consequently, indices based on dynamical variables are currently preferred to quantify the long-term monsoonal variability (Fan et al. 2009 ).
The structure of the summer monsoonal wind pattern in the western North Pacific (WNP) is characterized by a southwesterly flux over the Philippines, related to the eastern branch of the Somali jet, which converges with the easterlies from the North Pacific subtropical high over eastern China. This dipole-like wind pattern has been the basis for the dynamical indices defined to quantify the WNPSM (Wang and Fan 1999) . Nowadays, the best representation of the strength of the WNPSM is the so-called western North Pacific monsoon index (WNPMI), defined as the difference of the average zonal wind at 850 hPa inside the areas 58-158N, 1008-1308E and 208-308N, 1108-1408E (denoted as D1 and D2, respectively; see Fig. 1 ) by Wang et al. (2001) . High WNPMI values reflect enhanced westerlies at D1 and enhanced easterlies at D2 and consequently a strong monsoon. This index is based on the NCEP-NCAR reanalysis data starting in 1948, and there have been no attempts to extend it backward in time, possibly due to the relative absence of in situ wind measurements over the Pacific Ocean prior to the 1950s.
In this regard, the earliest measurements of wind over oceanic surface were taken aboard ships. As wind was the most important variable from the point of view of navigation, it was routinely measured and preserved in logbooks, offering the best potential to develop longterm climate indices . As a result of several international recovery projects, most of those data are available in digital form in the International Comprehensive Ocean-Atmosphere Data Set (ICOADS), which nowadays stands as the most complete source of observed surface marine data spanning the past three-and-one-half centuries. The concept of indices based on historical wind measurements was suggested by Wheeler et al. (2010) , who used the wind direction field to obtain the first truly instrumental reconstruction of the wind circulation over the English Channel from 1685 to 1750. Barriopedro et al. (2014) generalized the so-called directional indices being applied to the quantification of the North Atlantic atmospheric circulation since 1685. Gallego et al. (2015) extended this technique to the study of monsoonal circulations and developed an index measuring the strength of the West African monsoon back to 1840. Recently, Ordóñez et al. (2016) used a similar approach to estimate the date of the ISM onset, proving that in some cases, directional indices are sensitive enough to catch fine-detail characteristics of a monsoon as the onset date.
The main aim of this paper is to analyze the variability of the WNPSM since the late nineteenth century by developing a new index based on in situ historical wind direction observations taken on board ships. The data and methods employed in this study are described in section 2. The temporal structure and the variability of the new index are presented in section 3. Section 4 provides an analysis of the long-term variability throughout the twentieth century and the relationship between the WNPSM and the ENSO, El Niño Modoki, and the IOD. Finally, the main conclusions are given in section 5.
Data and methodology
Historical wind data usually contain information about force and direction; however, wind force taken aboard ships required some degree of subjective judgement prior to the midtwentieth century, so it cannot be regarded as a fully instrumental measurement. Despite this fact, the wind force contained in logbooks has been successfully used to develop synoptic-scale climate reconstructions in multiproxy approaches (Küttel et al. 2010) . Nevertheless, the methodology used to translate the qualitative wind force terms into quantitative data might limit the development of climatic indices . For instance, Gallego et al. (2007) showed that while the seasonal cycle of the wind force in a location is usually accurately reproduced by historical observations, this is not necessarily the case for the absolute magnitude of the wind. Depending on the ship's country and the epoch, a climatology based on converted wind force observations can overestimate the wind speed in a location by a factor of up to 2 times the present-day climatological value. As this bias is space and time dependent, it should be translated as uncertainty in any index relying on historical wind force estimations. This is not the case of the wind direction. This variable was measured using a compass essentially in the same way as it is done nowadays, and, therefore, it does not need a conversion to numerical values nor rescaling beyond the correction necessary to refer the magnetic to the geographic north. This fact remains true even for the earliest observations. In this way, wind direction measurements can be regarded as instrumental. This feature has been recently exploited to develop instrumental climate indices capable of going back in time as early as the seventeenth century (Wheeler et al. 2010; Barriopedro et al. 2014; Gallego et al. 2015; Ordóñez et al. 2016; Mellado-Cano et al. 2017 , manuscript submitted to J. Climate).
Our source of wind direction data has been ICOADS, which starts in 1662 and contains over 455 million individual marine reports in its most recent release (release 3.0; ICOADS 3.0). This database is essentially composed of historical observations and metadata reported from ships and retrieved from logbooks up to the first third of the twentieth century and data from buoys, coastal platforms, and oceanographic instruments ever since (Freeman et al. 2017) . Following the methodology developed by Barriopedro et al. (2014) and Gallego et al. (2015) , we adapted the definition of the WNPMI (Wang et al. 2001) to the use of wind direction alone but substituting the changes in the zonal wind for changes in the frequency of days with prevalent wind blowing from the west at D1 or the east at D2. Our new western North Pacific directional index (WNPDI) is then defined as the sum of the percentage of days in a month with prevailing wind blowing from the west (wind direction between 2258 and 3158 from the true north) at D1 and the percentage of days in a month with prevailing wind blowing from the east (wind direction between 458 and 1358 from the true north) at D2:
No. of westerly days No. of days with observations (D1)
1
No. of easterly days No. of days with observations (D2) 3100.
( 1) As the WNPDI is constructed from the percentage of days with wind blowing from the west or the east, it is necessary to define a westerly (easterly) wind day at each region. In this sense, when only one daily observation is available inside the region D1 (D2), the day is classified from the wind direction of that single observation. If several observations per day are available, which is the most typical case, the day is considered as a ''westerly (easterly) wind day'' when a minimum percentage P of the total number of observations available for that day corresponded to westerly (easterly) winds. The values of P were chosen as those maximizing the correlation between our directional index and the WNPMI of Wang et al. (2001) for the concurrent period , resulting in P 5 39% at D1 and P 5 46% at D2. With these values, the correlation between the new WNPDI and the WNPMI reaches 10.87 ( p , 0.01), indicating that although the WNPDI does not include information about wind force, it captures a large part of the variance associated with the monsoon. Seasonal values of the WNPDI are computed as the June-August average. As demonstrated by Gallego et al. (2015) a number of around 100 wind direction observations per season inside an area is needed to obtain a good representation of a directional index. Figure 1a shows the cumulative number of wind direction observations in the ICOADS 3.0 database aggregated in a 18 3 18 grid between 1750 and 2014 for the boreal summer. Some of the busiest commercial historical routes in the world ran from the Indian Ocean into the South China Sea to Japan and the Pacific Ocean (see Fig. 1a ), and as a consequence, a large number of wind observations over both domains are available. Figures 1b and  1c show the temporal evolution of the number of observations inside the regions D2 and D1, respectively. By the second half of the nineteenth century the required 100 wind observations per season are relatively frequently found, even reaching more than 500 observations per season some years. However, it is at the beginning of the twentieth century when a dramatic increase in data availability in both domains is observed, and since 1910 the number of observations per summer is usually higher than 2000, offering very good coverage, except for the World War II period. A total of 1 667 968 individual wind direction observations in both D1 and D2 were used to compute the WNPDI.
Additionally, we have employed the wind field at 10 m from the NOAA Twentieth Century Reanalysis (20CR, version v2c; Compo et al. 2011 ) and the European Centre for Medium-Range Weather Forecasts (ECMWF) twentieth-century reanalysis (ERA-20C; Poli et al. 2016 ) in order to compute directional indices of the WNPSM and compare them with our WNPDI based on the ICOADS. To evaluate precipitation changes, monthly precipitation data on land surface at a 0.58 3 0.58 resolution grid have been derived from the Global Precipitation Climatology Centre version 7 (GPCCv7; Schneider et al. 2014) database. Vertically integrated moisture transport associated with the WNPSM has been evaluated following Trenberth and Guillemot (1995) by using the specific humidity and zonal and meridional wind between 1000 and 300 hPa from the NCEP-NCAR Reanalysis-1 (Kalnay et al. 1996) .
To analyze the relationship between the WNPDI and ENSO, El Niño Modoki, or IOD, we have computed the corresponding indices by using the monthly 18 3 18 gridded SST data from the Centennial In Situ Observation-Based Estimates of SST (COBE-SST) dataset (Hirahara et al. 2014) provided by the NOAA/ OAR/ESRL Physical Sciences Division (PSD), previously detrended at each grid point. In this study, we quantify ENSO by both the Niño-3 (EN3) and Niño-3.4 (EN3.4) indices, defined as the SSTA averaged over the regions 58S-58N, 2108-2708E and 58S-58N, 1908-2408E, respectively. El Niño Modoki index (EMI) is defined following Ashok et al. (2007) as EMI 5 SSTA C 2 0.5(SSTA E ) 2 0.5(SSTA W ), where subscripts C, E and W correspond, respectively, to the regions 108S-108N, 1658-2208E; 158S-58N, 2508-2908E; and 108S-208N, 1258-1458E where the SSTA were averaged over. The IOD is quantified by the Indian Ocean dipole mode index (DMI; Saji et al. 1999) , computed as the difference of the SSTA averaged over the regions 108S-108N, 508-708E and 108S-08, 908-1108E.
The western North Pacific directional index
With the current ICOADS 3.0 data coverage it has been possible to compute the summer WNPDI for several years starting in 1849 and in a continuous form since 1898, thus doubling the length of the previously available index for the WNPSM. Figure 2 shows the WNPDI series, which has been standardized with respect to the period 1900-2010. Similarly to the WNPMI, high (low) values of the WNPDI are associated with strong (weak) monsoons. In this regard, the new index series shows a tendency of the WNPSM to remain in strong/weak phases for long periods in the twentieth century. In particular, the period 1918-48 exhibits predominant positive values of the WNPDI, indicating that those years were characterized by persistent strong monsoons. On the other hand, despite the high interannual variability of the series, it shows predominance of negative values and, in consequence, a tendency to weaker monsoons between 1983 and 2013. These two periods result in a moderate but significant ( p , 0.01) negative trend of 0.52 standard deviations per century for the WNPDI during the twentieth century. To test the consistency of each index against independent observational data, we analyzed the correlation of the three WNPDI with the GPCCv7 monthly precipitation for the periods 1901-50 and 1951-2010 (Fig. 4) . The correlation maps for the latter period (Figs. 4d-f ) are essentially equivalent for the three indices, showing negative correlations in the Yangtze and Huai River valleys, southeastern India, Malaysia, Sumatra, Borneo, and part of Japan, whereas positive correlations are found in the northern Philippines, the west coast of Myanmar, and eastern Indochina. Nevertheless, only the WNPDI based on ICOADS shows a similar precipitation signal in the period 1901-50 (Fig. 4a) . The correlations with the indices based on reanalyzed winds are lower and not statistically significant for many of the previously cited areas (Figs. 4b,c) . Despite its relevance, this important result must be taken cautiously because the number of stations included in the GPCCv7 database during the interval 1901-50 is significantly lower than for the latter period and some regions in Indonesia can suffer from low precipitation data coverage (Schneider et al. 2014) . Nevertheless, despite this limitation, this result strongly suggests that the index based on the ICOADS represents the monsoon signature on precipitation significantly better than similar indices computed by using reanalyzed wind data prior to the 1950s. The changes in precipitation related to the variability of the WNPSM strength have been evaluated by comparing years of extremely weak or strong monsoon, defined respectively as the 10th and 90th percentile of the WNPDI series for its entire 1849-2014 temporal range. A total of 15 extremely strong (1857, 1866, 1904, 1920, 1923, 1924, 1929, 1937, 1940, 1941, 1961, 1981, 1985, 2001, and 2004 ) and 15 extremely weak (1852, 1867, 1887, 1910, 1916, 1949, 1954, 1983, 1988, 1991, 1996, 1998, 2007, 2008, and 2010) monsoons have been identified. Figure 5 shows the differences in summer precipitation for extreme phases of the monsoon related to the local precipitation average between 1901 and 2013. Values exceeding j100%j refer to differences in precipitation between strong and weak monsoons greater than the local average, whereas negative values indicate that the amount of precipitation associated with weak WNPSM is larger than that of strong WNPSM. The largest differences, between 50% and 100% higher than the local long-term averages, are found in the northern Philippines and western Myanmar. Increases in precipitation between 25% and 50% are located in some areas of southern China, Taiwan, and eastern Indochina. Smaller but significant positive anomalies have also been found in southern Myanmar and in the southwest coast of India. On the contrary, precipitation differences drop along the Yangtze River valley and in Malaysia, northern Sumatra, Borneo, and southeastern India, where the minimum of around 2175% is reached.
In addition, a great part of the extreme monsoons were concentrated in two periods of the twentieth century. Thus, 47% of extremely strong monsoons occurred in 1918-48, whereas 53% of extremely weak monsoons developed between 1983 and 2013. Note that the two regimes are not completely the opposite as the former only includes extremely strong monsoons whereas the latter is highly variable combining a few extremely strong with many extremely weak monsoons. Figure 6 shows the summer precipitation during these two regimes of the WNPSM. Concerning the period 1918-48, precipitation was significantly higher in the 208-308N band, and especially in Kerala, India, southern Myanmar, and the northern Philippines, where increases of up to 240 mm season 21 are found (Fig. 6a) . On the other hand, dryer than average conditions occurred in southern India, eastern China between the Yangtze and the Yellow Rivers, and most of Japan, reaching maximum deficits of around 100 and 300 mm season 21 in southern Philippines and Cambodia, respectively. The precipitation anomaly for the period 1983-2013 (Fig. 6b ) shows remarkable differences with that of Fig. 6a , stressing the large decadal variability of the precipitation in the area affected by the WNPSM. The precipitation pattern in that period tended to be mostly opposite to that of the regime characterized by persistent strong monsoons, especially in India and Indonesia. This higher variability is in good agreement with the northward shift of precipitation anomalies over eastern China characteristic of this period recently reported by Zhang (2015a,b) . The former analysis shows that the WNPDI is consistently related to changes in monsoonal precipitation along the entire twentieth century, but it must be kept in mind that the WNPDI only relies on the variability of wind direction frequency; therefore, it does not explicitly include information about wind force variations and, ultimately, moisture advection. To test the suitability of the WNPDI as a measure of the changes in moisture transport related to the monsoon, we compared the 1000-300-hPa vertically integrated moisture flux and its divergence (Fig. 7a) for extremely strong or weak monsoons according to our WNPDI. Note that moisture transport has only been evaluated for extreme monsoons after 1979 because of the large uncertainty of variables such as specific humidity or vertical wind velocity previous to the satellite era over the Pacific Ocean. Figure 7a also shows the expected cyclonic anomaly of the moisture transport in the WNP region, which leads to a significant moisture convergence in the domain 108-208N, 1108-1508E. This area also displays a significant increase in upward motion as a result of the enhanced convection (Fig. 7b) .
Relations of the WNPDI with ENSO and IOD in the twentieth century
To explore the relationship between the WNPSM and ENSO, El Niño Modoki, or the IOD throughout the period 1900-2013, a correlation analysis between the JJA WNPDI and the seasonal EN3, EMI, and DMI was performed. To clearly separate ENSO from El Niño Modoki cases, we chose the Niño-3 index to represent ENSO in order not to include some central Pacific warmings to which the Niño-3.4 index is more sensitive (e.g., Weng et al. 2007 Weng et al. , 2011 . The values of the correlations for in-phase and negative lags (ENSO, El Niño Modoki, and IOD preceding the monsoon) are generally low (Table 1) . Correlations for positive lags are moderate, but in this case they reach statistical significance in five out of six cases, with a maximum of 10.42 ( p , 0.05) between El Niño Modoki and the WNPSM during the autumn after the monsoon.
A sliding correlation analysis using a 31-yr window was carried out in order to examine the stability of the aforementioned relationships during the twentieth century. The correlation value assigned to a given year Y corresponds to the Pearson correlation coefficient when considering the period from Y 2 15 to Y 1 15. In Fig. 8 we have considered lags from the previous year (season 21) until the year following the monsoon (season 11) indicated as JJA-monsoon. Note years shown in Fig. 8 correspond to the central year of the sliding correlation window. In general, this analysis reveals that the low correlation values shown in Table 1 , especially for negative lags, are mostly the result of the lack of stationarity of the ENSO-WNPSM and the El Niño Modoki-WNPSM relationships throughout the twentieth century. Figure 8a shows a profound change of the ENSO-WNPSM relationship in the 1970s. Before this decade (and especially from 1940 to 1970) the EN3-WNPDI correlation was positive and mostly significant since two seasons prior to the monsoon, remaining positive for the in-phase case and up to three seasons after the monsoon. On the contrary, starting in 1970, the EN3-WNPDI correlation shows large negative and significant values since four seasons before the summer monsoon [i.e., from JJA (21) to MAM]. For the inphase and positive lag cases, the correlation values after 1970 are still positive, but with significantly lower values than in the previous decades. The El Niño Modoki case (Fig. 8b ) reveals in-phase significant positive correlation between the WNPDI and the EMI. This positive correlation is found for an entire year after the summer monsoon, and it is enhanced from the 1980s on. The autumn after the monsoon is the season when the correlation is higher and more stable during the whole study FIG. 7 . Summer (JJA) composite difference of (a) period, reaching maxima up to 10.7 in the late 1990s. In contrast, El Niño Modoki seems to be disconnected from the WNPSM for negative lags (i.e., before MAM), especially after the 1950s. Although with statistically nonsignificant values, the EMI-WNPDI correlation reversed sign for negative lags around the 1970s, similarly to EN3. Finally, Fig. 8c shows that the in-phase correlation between the IOD and the WNPSM has been quite variable (and mostly nonsignificant) during the twentieth century, except for some brief periods. Since 1980 the correlation shows moderate but yet statistically significant negative values in the autumn and winter before the monsoon. For positive lags, the most stable correlation is found for the autumn after the monsoon for the periods 1915-30 and 1948-74 , exceeding values of 0.5 in the former period, suggesting that a strong WNPSM tends to be followed by positive values of the IOD. These results remain similar when performing partial correlation analysis (not shown), indicating a small linear contribution of the other factors on the correlation between the WNPSM and each of the tested indices. As revealed by Chou et al. (2003) a simple correlation of the whole series of ENSO events is not capable of catching the subtle details of the ENSO-WNPSM relationship. They found it necessary to analyze ENSOdeveloping, ENSO-decaying, and non-ENSO years separately in order to understand the features of the interannual variability of the WNPSM properly. However, they could only perform their analysis from 1951 on. In view of the significant change in the EN3-WNPDI relationship found since 1970 shown in Fig. 8a , it makes sense to repeat their analysis with our longer series. This is not a trivial issue, as any ENSO index based on SST might have a bias before the 1950s affecting the classification of ENSO events (L'Heureux et al. 2013) . As stated in section 2, we computed our EN3 and EN3.4 after removing the linear trends, but additionally, for this analysis we have included the SOI (taken from the University of East Anglia Climatic Research Unit), which is based on SLP measurements and presumably not affected by the SST bias.
To perform the classification of ENSO years, we have followed the same conventions as Chou et al. (2003): 1) ENSO-developing (decaying) years are considered as those before (after) the mature phase of an ENSO event, which is defined when the DJF value of the EN3 or EN3.4 is larger (smaller) than 0.98C (20.98C) for El Niño (La Niña). A threshold of 20.9 (0.9) standard deviation units was chosen to define the mature phase of El Niño (La Niña) event in the case of the SOI. Different thresholds for this definition were tested with essentially the same results. Those years in which an event persists and those that are simultaneously developing and decaying have been excised from the analysis. Our classification based on the EN3.4 resulted in the same events as those of Chou et al. (2003) for the concurrent period .
2) The lag sliding correlation analysis was performed for the three seasonal ENSO indices (EN3, EN3.4, and SOI) with respect to the JJA WNPDI, differentiating all, ENSO-developing, ENSO-decaying, and non-ENSO years. We choose a window of 51 yr in order to have a large enough sample of ENSO events inside the window and to ease comparison with the results of Chou et al. (2003) . 3) In this analysis, a strong (weak) WNPSM is named when the WNPDI . 0 (WNPDI , 0) and years shown in Figs. 9 and 10 correspond to the central years of the sliding correlation window. Figure 9 shows the result of the analysis for all monsoon years and ENSO indices. As expected, the results are consistent with the tendency of having El Niño (La Niña) conditions for several seasons after a strong (weak) WNPSM found in Fig. 8a . For negative lags we find again the change in the sign of the correlation around 1970. This indicates that the swap in the ENSO-WNPSM relationship around 1970 is robust against changes in the window width or the ENSO index considered. Interestingly, when the analysis is restricted to the ENSO-developing years (Fig. 10a) , the change in the correlation sign for negative lags is not observed. This result suggests that when an El Niño (La Niña) event is developing a strong (weak) WNPSM is typically preceded by negative (positive) SST anomalies over the tropical eastern Pacific up to the previous spring and followed by positive (negative) ones, and this tendency has been rather stable throughout the twentieth century. However, for positive lags, our result indicates that the correlation was significantly larger prior to the 1950s. The analysis for ENSO-developing years shown in Fig. 10a is in full agreement with Chou et al. (2003) for their available period . When the analysis is restricted to the ENSO-decaying years (Fig. 10b) , we have found that a strong (weak) WNPSM tended to occur after La Niña (El Niño) for the period after the late 1950s, while for positive lags the correlation is not statistically significant. Again, this result is essentially the same found by Chou et al. (2003 Chou et al. ( ) for 1951 Chou et al. ( -2000 . Nevertheless, the longer WNPDI series evidences that prior to the late 1950s the correlation sign for negative lags reversed. In particular, between 1943 and the late 1950s it was positive and as high as 10.8 ( p , 0.01) for an entire year finishing in the spring preceding the monsoon, which is generally the year in which ENSO events develop. Finally, Fig. 10c shows that the WNPSM has not been significantly connected to the central Pacific equatorial SSTs in non-ENSO years.
Discussion and conclusions
In this paper we have been able to develop a new series characterizing the WNPSM based on logbook records, which has allowed us to build the longer WNPSM series currently available. Our main findings can be summarized in the following points:
1) The large correlation of our new index with the WNPMI, the index usually employed to measure the WNPSM strength, demonstrates that the intensity of the WNPSM can be quantified by using an index relying only on observations of wind direction. This is relevant because wind direction is usually the only purely instrumental meteorological observation available at open sea prior to the second half of the twentieth century. The WNPDI is also consistent with the observed monsoonal precipitation described in previous studies (e.g., Wang et al. 2001; Chang et al. 2005; Yao et al. 2008; Chou et al. 2009 ) throughout the entire twentieth century. 2) Although the WNPSM strength has been usually found to be highly variable at scales lower than decadal (Wang et al. 2001) , the WNPDI record indicates that during the period 1918-48 the WNPSM was relatively less variable and characterized by the persistence of strong monsoons. In fact, 46% of positive extremes identified throughout the entire series occurred in the period 1918-48, including the two strongest monsoons registered in the twentieth century (1920 and 1937) .
3) This regime appears to be associated with precipitation increases in the northern Philippines, southern China, and northeastern India and dryer conditions in the southern Philippines, western Cambodia, Borneo, Malaysia, Japan, central-eastern China, and southern India. Those precipitation changes might be the consequence of a stronger summer cyclonic circulation over the western North Pacific. Despite no clear consensus in the periods, some authors have also found evidence of an anomalous climate regime in the western North Pacific during the first half of the twentieth century that would be compatible with a tendency to stronger monsoons. Some studies (e.g., Minobe 1997 , and references therein) describe climate shifts in the 1920s and the 1940s related to changes in the intensity and position of pressure centers, such as those of the Aleutian low and the North Pacific high (Fu et al. 1999) , which would affect the monsoon strength. Fu and Fletcher (1988) detected changes in the Asian monsoonal circulation around 1900 and 1940, alternating among what they defined as ''meridional,'' ''zonal,'' and ''neutral'' monsoon regimes, respectively. In particular, wind direction in D2 would have become more easterly than average during the period 1898-1930, which would imply higher values of the WNPDI. Furthermore, the zonal monsoon regime was associated with more active monsoons as troughs located at the Bay of Bengal and the South China Sea intensified and moved northeastward, positioning over Indochina and the eastern coast of China (Fu et al. 1999 ). 4) Part of the literature dealing with the WNPSM is centered in the determination of its relation with ENSO. Our results for the complete twentieth century confirm the known positive correlation between the SST in the equatorial Pacific and the WNPSM strength since the summer of the monsoon (in phase) and up to three seasons after the monsoon (positive lags). Concerning negative lags, it is commonly accepted that the lower-tropospheric anticyclonic anomaly over the western North Pacific characteristic of an El Niño event frequently persists from the El Niño mature winter to the following summer, and this is the reason why a weak WNPSM is often preceded by El Niño in the previous winter (Zhang et al. 2017 ). This justifies the negative correlations found by Chou et al. (2003) for negative lags that we have also found after the 1960s (Fig. 10b) . However, our series indicates that this was not the case prior to the 1960s, when the correlation for negative lags of the ENSO-decaying phase was mainly positive. The causes of this change in the correlation sign, restricted to the ENSO-decaying phases, are still unknown, but recently, Chen et al. (2016) found that the link between ENSO and the following monsoon depends on the length of the decaying phase of El Niño. In their analysis, they proved that short-decaying El Niños result in a stronger western North Pacific anticyclone (WNPAC) and a subsequent weak WNPSM (negative correlation for negative lags). They also found that long-decaying El Niño largely inhibits the formation of the WNPAC, favoring stronger monsoon (positive correlations for negative lags). Interestingly, Chen et al. (2016) pointed out the intensification of the WNPAC response restricted to short-decaying El Niños under climate change scenarios. This could partially justify the change in the correlation limited to the ENSOdecaying phases we have found for negative lags. Along the twentieth century, the role of the shortdecaying El Niño events would become dominant, favoring the change from positive to negative correlations observed after the 1960s. 5) Recently, Weng et al. (2011) showed that in summer the WNPSM was particularly related to the pattern of El Niño Modoki measured by the EMI throughout the period 1951-2007. Our results confirm that this remains true during the entire twentieth century. Furthermore, it is interesting that the WNPDI is highly correlated with the EMI over a year after the summer monsoon, reaching the maximum in autumn. As the correlation is rather stable and high in the whole study period, the WNPDI could be considered a candidate to be a predictor of the EMI. 6) Finally, we have not found significant direct correlations with the IOD (measured by the DMI). This is not an unexpected finding because recently it has been suggested that the IOD influence on the WNPSM is indirect. Feng and Chen (2014) found that the IOD could modulate the El Niño Modoki-WNPSM relationship, weakening it when a positive phase of El Niño Modoki occurs simultaneously with a positive phase of the IOD. We have tested this possibility for the entire twentieth century computing the distribution of strong and weak monsoons as a combined function of the EMI and the DMI (not shown), but we did not find a significant change in the El Niño Modoki-WNPSM relationship for opposite phases of the IOD when the entire twentieth century is considered.
Since one of the circumstances of the Asian monsoon system is its effect on densely populated areas (Wang et al. 2001) , the characterization of the WNPSM is quite relevant. Nevertheless, the scarcity of data over the large oceanic areas of the Pacific has hampered the characterization of its long-term variability. Beyond updating some climatic relationships of the WNPSM with ENSO-related indices, we consider that the most important finding of the present work is the fact that the WNPSM strength can be characterized by using exclusively wind direction observations, a measurement that was routinely taken aboard ships since early times in the areas affected by the monsoon. With the historical observations currently available on ICOADS 3.0 we have developed the longest instrumental index of the WNPSM to date, doubling the length of the former longest series. According to Wheeler and García-Herrera (2008) , there are still thousands of logbooks in several British archives not digitized yet, with data coverage probably since the first half of the nineteenth century over D1 and D2. The possibility of having even earlier data in these areas from Chinese or Japanese sources cannot be disregarded. The relevance of the WNPSM for the global climate (e.g., Wang et al. 2001; Lee et al. 2014; Choi et al. 2016) would largely justify the time and economic cost of the finding and digitization of these sources in order to better characterize the time evolution of the WNPSM.
